The purpose of this study is to investigate how well model observer can correlate with human observer in the lesion detection and localization task when the location of lesion is uncertain in CT imaging. A 35 × 26 cm oblong-shaped water phantom was scanned with and without two cylindrical rods (3 mm and 5 mm diameters) to simulate lesions with -15HU contrast. Scans were repeated 100 times with the rods and 100 times without for each of 4 dose levels. Signal and background images were generated by selecting ROIs with 128x128 pixels, with the location of signal in each ROI randomly distributed. Human observer studies were conducted as three medical physicists identified the presence or absence of lesion, indicated the lesion location in each image and scored confidence level with a 6-point scale. ROC curves were fitted and area under curve (AUC) was calculated. The same data set was also analyzed using a Channelized Hottelling model observer with Gabor channels. Internal noise was added to the test variables for model observer study. AUC of ROC and LROC curves were calculated using non-parametric approach. The performance of human observer and model observer was compared. The Peason's product-moment correlation coefficients were 0.994 and 0.998 for 3mm and 5mm diameter lesions in ROC analysis and 0.987 and 0.999 in LROC analysis, indicating that model observer performance was highly correlated with the human observer performance for different size of lesions and different dose levels when signal location is uncertain. These results provide the potential of using model observer that correlates with human observer to assess CT image quality, optimize scanning protocol and reduce radiation dose.
INTRODUCTION
The drastically increased use of CT has generated serious public health concerns regarding the cancer risks associated with the radiation exposure from CT [1] . Optimizing CT protocols to achieve adequate diagnostic capability with the lowest reasonable dose has therefore become an important task [2, 3] . There have been extensive undergoing research to reduce radiation dose without sacrificing image quality and clinic outcome [4, 5] . Although clinical evaluation by interpreting radiologists is the most accurate approach to determine the lowest possible radiation dose in CT protocols, it is too labor intensive and time consuming. Therefore, there is a demanding need to have more efficient methods using objective image quality.
Currently, many physical metrics, including modulation transfer function (MTF), slice-sensitivity profile (SSP), image noise, and noise power spectrum (NPS) are used to quantify or monitor various aspects of CT image quality. However, these metrics are not complete descriptors of image quality and do not directly reflect the diagnostic performance for a given task. Task-based image quality metrics using model observers have been studied extensively over the past 3 decades [6, 7] . These metrics have been employed to narrow the range of imaging conditions and to improve the efficiency of optimizing imaging systems. One example of model observer is the ideal observer, which makes optimal decision by using all available information and provides the upper bound of an observer [8] . However, ideal observer is not mathematically attractive due to the lack of full statistical information and it doesn't reflect the performance of human observer [7, 9] . Other observers that correlate with human observer performance have been investigated, including Hotelling observer and non pre-whitening observer [6] . The main difference between these two types of model observers is whether a pre-whitening filter is applied to remove the correlation of image noise. Channelized Hotelling observer (CHO), a Hotelling observer constrained by frequency-selective channels, was suggested by Barrett et al as useful for several detection tasks, including those with band-pass noise and lumpy background [7, 10, 11] . Channel filters are selected to reflect the frequency selection and orientation dependence of human visual system. These model observers have been successfully applied to many different imaging modalities including nuclear medicine [12] [13] [14] , mammography [15] [16] [17] , dual energy x-ray [18] , tomosynthesis and flat-panel cone-beam CT [19] [20] [21] , and MRI [22] . Despite their applications in many modalities, very few studies have been performed on clinical CT [23] [24] [25] , especially to investigate the performance correlation between model observers and human observers using real CT scans. Most model observer studies were performed on imaging task with a fixed signal location. However, signal (lesion) location is usually unknown and changes from patient to patient in clinical practice. The efficiency of lesion detection will be different when lesion location is uncertain.
Therefore, the purpose of this study is to investigate the correlation between human observer and model observer in lesion detection and localization with lesion location uncertain. Physical phantom measurements were conducted to generate signal and background images directly from a clinical CT scanner, without any simulation. The model observer used in this study was the Channelized Hottelling Observer (CHO). ROC and LROC analysis were conducted at different dose levels and lesion sizes and the performance of human observer and model observer was compared.
METHODS AND MATERIALS

Phantom Scans
A 35 × 26 cm oblong-shaped water phantom was used to simulate the attenuation of a standard size adult abdomen. Two cylindrical rods with 3 mm and 5 mm diameters were inserted into the water phantom to mimic lesions with -15HU contrast. The long axes of these rods were carefully aligned with the z-axis of the scanner. This phantom was scanned on a 128 slice CT scanner (Definition Flash, Siemens Healthcare) using 120 kV, 0.5s rotation time and 0.8 spiral/helical pitch. Tube current modulation (careDose4D) was turned on and 4 dose levels were used by selecting quality reference mAs of 120, 240 (standard abdomen dose level), 360 and 480. Images were reconstructed using a medium sharp kernel (B40, the same kernel as that used in a routine abdomen CT scan) and 5 mm slice thickness. Background images were also obtained using the same water phantom after removing the cylindrical rods, using exactly the same parameters as those scans with the rods. At each dose level, 100 realizations of signal images (with the rods) and 100 realizations of background images (without the rods) were obtained by repeating phantom scans. Regions of interest (ROIs) with 128 x 128 pixels were generated around each of the cylindrical rod to produce signal images for each rod size at each dose level. The locations of these ROIs were carefully selected so that the relative location of the signal (rod) was randomly distributed within the realizations of the ROI images, with a uniform probability at each location. The same procedure was conducted to generate background ROI images. These signal and background ROI images were used in the human observer and model observer studies described below. Samples of background images and signal images of the 3 mm and 5 mm lesions at 4 mAs (dose) levels are shown in Figure 1 . The location of lesion was randomly distributed inside each image.
Human Observer Study
Three medical physicists specialized in CT were recruited to independently perform the lesion detection task in this human observer study. A Matlab program was developed to assist the observer study. Images were displayed on a diagnostic workstation with monitor appropriately calibrated for clinical diagnosis. Signal and background images were displayed in a random order and the locations of signal for those images with the signal rod were also randomized and were unknown to the readers. All images were displayed with a standard abdomen window (window center = 40 HU; window width = 400 HU). For each image, observers were asked to determine existence or absence of lesion signal, identify the location of signal by clicking at the most suspicious place, and rate their confidence levels using a 6-point ordinal scale (0 to 5 with 5 as the highest confidence of signal presence). All studies were conducted in a dark room with ambient light controlled. The observers were asked to sit directly in front of the workstation with a distance of approximately 50~60 cm to the monitor. Signal characteristics (e.g. size and contrast) were shown to all readers using training images. For each study, 200 images (100 with lesion and 100 without) were reviewed by each observer. A total of 8 studies, with 4 dose levels and 2 lesion sizes, were performed. Therefore, a total of 1600 images were reviewed by each observer. There was no time limit to review each image; however, each session was limited to 2 hours to avoid fatigue.
.. The confidence scores from human observer studies were analyzed using a ROC analysis software (ROC-KIT, Chicago IL). ROC curves were fitted using a proper binormal model [26] . Area under the curve (AUC) was calculated as measurement of performance for each reader. The mean and standard deviation of AUC from three readers were calculated. This procedure was repeated for all 4 dose levels and 2 lesion sizes (3mm and 5mm in diameter). The AUC of LROC was also obtained from the AUC of ROC based upon a relationship established by Swensson [27] :
Model Observer Study
The same data set was also analyzed using a Channelized Hotelling Observer (CHO). The general form of test variables for a linear model observer can be expressed as an inner product of the observer template ω and the image vector g with N × N pixels [8] :
In channelized model observers (e.g. CHO), images are preprocessed using channel profiles representing the frequency selection of human visual system. The test variables for CHO can be expressed as [7] :
where M is the total number of channels, c g is the channel output of the image, and ω CHO is the template, which can be obtained by: 
; and U is the matrix representation of the channel profiles.
In this study, Gabor channels were used as the channel profiles in CHO. Gabor channels have been investigated by several researchers and demonstrated to be an effective way to represent the response of neurons in the primary visual cortex [28, 29] . The general form of Gabor function can be expressed as: f is central frequency, θ is the orientation, and β is a phase factor. In this study, we used 4 passbands, five orientations, and 2 phases (a total of 40 channels), the same parameters as those used in a previous study by Wunderlich et al [25] . For each possible signal location, channel center (x 0 , y 0 ) was changed accordingly to coincide with the lesion center. Different templates were therefore generated for each possible signal location, and then applied to each test image to generate test variables at each signal location. The maximal response in all possible signal locations was selected to represent the final test variable for a given test image, and the location generating the maximal response was considered as the signal location detected by the model observer. ROC curves were then generated based upon the test variables at all 200 realizations and the ground truth of signal presence and absence. AUC was calculated at each dose level and lesion size using non-parametric approach. Similar operations were conducted to generate LROC curves and calculate AUC of LROC. The major difference between ROC and LROC is that in LROC a true positive case was only considered when the signal was correctly detected and location correctly identified.
Internal noise was added to the model observer analysis to simulate the internal variability of human observers' decision procedure. It explains why different response was generated when the same images were reviewed by human observers.
In this study, internal noise was added to the test variables λ , with the amplitude proportional to the standard deviation of test variables from the background images where α is a weighting factor, and rand representing random number generation. The weighting factor α was determined through a calibration procedure using the case of 240 mAs and 5 mm lesion. In this procedure, different α values from 1 to 9 were used to calculate AUC of model observer and compared with that of human observer. The α value that generated the same AUC of model observer and human observer was used in all dose levels and lesion sizes. Figure 1 , it became more challenging to detect lesion from background as dose decreased due to increased image noise. Smaller lesions were more difficult to be detected compared to larger lesions at the same dose level. Figure  2 shows the comparison of human observer and model observer for the 240 mAs and 5 mm lesion scenario at different internal noise levels, with α varies from 1 to 9. And it was found that α = 5.5 provided a good match between human observer and model observer, which was therefore used in model observer studies for all dose levels Figure 3 presents the AUC of human observer studies at 4 dose levels and 2 lesion sizes. At high dose levels, e.g. 480 quality reference mAs, the 5 mm lesion was almost perfectly identified. AUC decreased as radiation dose decreased, and became close to 0.5 at 120 quality reference mAs, indicating it was almost a random guess at this dose level. AUC of 5 mm lesion was always higher than that of 3 mm lesion. In a previous study, we reported ROC analysis of a lesion detection task with fixed lesion locations [30] . Figure 4 shows the comparison between these two studies at the same dose levels and lesion sizes. As seen from this figure, AUC is always higher with fixed lesion location than that of variable lesion locations. This demonstrates the degradation of lesion detection when lesion location is uncertain.
RESULTS
As shown in
Sample ROC and LROC curves from model observer at 240 mAs and 5 mm lesion are shown in Figure 5 . A LROC curve is always below the corresponding ROC curve as correct localization is required in LROC analysis while not in ROC analysis. Another difference is that ROC curves always reach to the point of (1,1) while this is not a necessary requirement for LROC curves. The comparison between AUC of ROC and LROC are demonstrated in Figure 6 . For each dose level and lesion size combination, AUC of LROC is always lower than that of ROC due to the correct localization requirement. Figure 6 presents the comparison between human observer and model observer at the 4 dose levels and 2 lesion sizes. Figure 6a shows the comparison of ROC analysis and Figure 6b shows the comparison of LROC analysis. In both analyses, model observer using CHO agrees well with the human observer results. The Peason's product-moment correlation coefficients were 0.994 and 0.998 for 3 mm and 5 mm diameter lesions in ROC analysis and 0.987 and 0.999 for LROC analysis, indicating that model observer performance is highly correlated with the human observer performance.
CONCLUSIONS AND DISCCUSSIONS
This study investigated the correlation between human observer and model observer in lesion detection with lesion location uncertain. The efficiency of lesion detection, quantified by the AUC of ROC, decreases when signal location is uncertain compared with the scenario with fixed signal location. A LROC curve is always below the corresponding ROC curve as correct localization is required in LROC analysis while not in ROC analysis. Therefore, AUC values of LROC are lower than those of ROC. The performance of Channelized Hotelling model observer using Gabor channels is highly correlated with human observer performance in CT images at different dose levels and lesion sizes when signal location is uncertain. Therefore, it provides a quantitative approach to efficiently optimizing CT protocols and radiation dose. More complicated diagnostic tasks (signal intensity and size uncertainty, realistic anatomical background, etc.) are under evaluation and applicability to iterative reconstruction and other noise reduction algorithms remains to be investigated.
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